The US Preventive Services Task Force (USPSTF) recommends computed tomography (CT) lung cancer screening for ever-smokers aged 55 to 80 years who have smoked at least 30 pack-years with no more than 15 years since quitting. However, selecting ever-smokers for screening using individualized lung cancer risk calculations may be more effective and efficient than current USPSTF recommendations.
tive Services Task Force (USPSTF) and the US Centers for Medicare & Medicaid Services now recommend annual CT screening for a risk factor-based subgroup of smokers-current and former smokers aged 55 to 80 years and 55 to 77 years, respectively, with at least 30 pack-years of smoking and, for former smokers, no more than 15 years since quitting. 3, 4 These were largely based on the entry criteria for the NLST as well as microsimulation models that considered subgroups defined by age, pack-year, and quit-year criteria. 5, 6 Selecting individuals at highest lung cancer risk, as determined by individual risk calculations (ie, risk-based selection) rather than by risk factor-based subgroups, might lead to more efficient screening. 3, [7] [8] [9] [10] In the NLST, 88% of CT-prevented lung cancer deaths occurred in the 60% of participants at highest risk, whereas the 20% of participants at lowest risk accounted for only 1% of CT-prevented lung cancer deaths. 11 The cost-effectiveness of CT screening also increased with lung cancer risk in the NLST. 12 Risk-based selection more precisely delineates the benefits and harms of screening by accommodating detailed information on all lung cancer risk factors. 3 Risk-based selection also enforces consistency of screening recommendations by accommodating "equal management of people at equal risk." 13 However, to our knowledge, there are currently no risk tools for lung cancer that have been validated in representative samples of the US population. Likewise, empirical evidence is lacking for the superiority of risk-based lung cancer screening in the United States.
In this study, we sought to develop and validate empirical lung cancer incidence and death risk models generalizable to US smokers, as well as an empirical model for risk of false-positive findings on screening CT. Models were applied to a contemporary cohort of US ever-smokers to investigate estimated outcomes from various risk-based selection strategies vs current USPSTF recommendations for "NLST-like" screening (3 yearly CT screens) with 5-year follow-up.
Methods

Data Sources
Data were used from 2 lung cancer screening trials in the United States-The Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial and the NLST-as well as data from the National Health Interview Survey (NHIS), a representative sample of the US population. From 1993-2001, the PLCO trial randomized 154 901 US men and women aged 55 to 74 years to receive 4 annual posterior-anterior chest radiographs (3 in never-smokers) or the standard of care and concluded that screening using chest radiography did not reduce lung cancer mortality. 14 The most recent follow-up data for PLCO were available through December 2009. From 2002 From -2004 , the NLST randomized 53 454 US smokers aged 55 to 74 years with at least 30 pack-years of smoking and no more than 15 years since smoking cessation to receive 3 annual rounds of low-dose CT or posterior-anterior chest radiography. 2 The NLST data set included outcomes accrued through January 15, 2009, the latest date for censoring lung cancer death for the primary analysis. The NHIS is an annual cross-sectional, multistage probability sample of approximately 87 500 individuals representing the noninstitutionalized civilian US population.
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NHIS data collected through 2004 have been linked with the National Death Index, with follow-up through December 31, 2006 . 16 The National Institutes of Health Office of Human Subjects Research deemed this study exempt from institutional review board review.
Statistical Analyses Development and Validation of Risk Models
Absolute risk models were developed to predict 5-year cumulative risk of lung cancer incidence and lung cancer death using data on ever-smokers within the control group of the PLCO trial. PLCO data allowed us to develop valid models for both USPSTF-eligible and USPSTF-ineligible smokers.
Cox hazard ratio models on time since interview were used and accounted for life expectancy by fitting a hazard ratio model for competing causes of death. 17 Compared with previous work, 11 each submodel (lung cancer incidence, lung cancer death, and death by other causes) now includes more self-reported demographic variables (age, sex, race, education, body mass index [BMI]), self-reported clinical variables (history of emphysema and lung cancer family history), and self-reported smoking variables (cigarettes per day, smoking duration, and smoking pack-years and quit-years). Variables and parameterization for continuous variables were selected using the Akaike information criterion. See eMethods in the Supplement for details. Validation of the lung cancer death model for US eversmokers aged 50 to 80 years used NHIS surveys 1997-2001 because age at smoking initiation was not systematically collected before 1997. Via National Death Index linkage through 2006, each NHIS participant had at least 5 years of follow-up for lung cancer death. Multiple imputation was used to account for the less than 2.5% missing information on BMI, race, education, or quit-years (eTable 6 in the Supplement). Because only 5.5% of participants reported having a family history of lung cancer, it can be conservatively assumed that those with missing family history information had no family history. For former smokers, the number of cigarettes smoked per day was systematically missing, for which a special imputation model was developed (eMethods in the Supplement).
Because there are no US-representative data including both lung cancer incidence and risk factors, validation of the lung cancer incidence model used data on ever-smokers in the chest radiography groups of the PLCO and the NLST. The PLCO chest radiography group experienced only slightly increased lung cancer detection. 14 Model validity was assessed by calibration (the ratio of number of model-predicted cases to the number of observed
US-Representative Estimates of CT Lung Screening Outcomes
The empirical models were applied to a contemporary US population of ever-smokers aged 50 to 80 years (NHIS 2010 (NHIS -2012 , to estimate potential modeled outcomes associated with different strategies for selecting ever-smokers for NLSTlike CT screening. Five-year risks of lung cancer and lung cancer death (in the absence and presence of NLST-like CT screening) and risk of false-positive CT findings were estimated for each NHIS participant. These estimates used a key assumption that NLST observations (ie, 3 yearly CT screens would reduce lung cancer mortality by 20.4% and increase lung cancer detection by 12.4% over 5 years) are applicable to all US ever-smokers, regardless of their smoking history (eMethods in the Supplement).
For each selection strategy, the models were used to estimate numbers of smokers screened, lung cancer deaths averted, lung cancers detected, and false-positive CT findings. Three screening program metrics were estimated: "screening effectiveness" (defined as the number needed to screen [NNS] to prevent 1 lung cancer death), "screening efficiency" (defined as the number of CTs with false-positive findings per prevented lung cancer death), and the number of extra lung cancers diagnosed per prevented lung cancer death.
Outcomes were compared based on USPSTF eligibility vs different strategies for selecting individuals for CT screening based on lung cancer risk thresholds. For illustrative purposes, 2 risk-based strategies were considered at length: "fixed population size"-ie, choosing the lung cancer risk threshold such that the number screened matches the number of USPSTFeligible smokers in the United States, and "modeled fixed effectiveness"-ie, choosing the lung cancer risk threshold such that the NNS matches the NNS based on screening all USPSTFeligible smokers in the United States.
All analyses were conducted in R 18 and used the survey package 19 to account for survey weights (eMethods in the Supplement). The models are for lung cancer incidence, lung cancer death, and false-positive CT lung screening examination. In the presence of NLST-like CT screening, we assume that risk of lung cancer incidence is increased by 12.4% and risk of lung cancer death is decreased by 20.4%, as observed in the NLST (Methods; eMethods in the Supplement) and are applicable to all US ever-smokers, regardless of their smoking history. All models are applied to a contemporary cohort of US ever-smokers aged 50 to 80 years from the NHIS 2010-2012 to estimate model-based outcomes from various strategies for selecting NLST-like CT lung screening (3 yearly CT lung screens, 5-year follow-up). Lung cancer mortality in the NLST radiography group appears to be 24% lower than that expected from the lung cancer death model that calibrated well to PLCO and to nationally representative NHIS data. Although this does not affect internal validity of the NLST, modeling lung cancer screening outcomes for the United States was affected (eResults and eTable 4 in the Supplement).
Results
Risk Models
Modeled Outcomes Associated With 5-Year Effect of Risk-Based NLST-like CT Screening in the United States
Based on NHIS 2010-2012, there were an estimated 43.4 million ever-smokers aged 50 to 80 years in the United States.
Assuming that the NLST mortality reduction of 20.4% applies also to all ever-smokers independently of exposure level, an NLST-like CT screening program was modeled to prevent an estimated 82 245 (95% CI, 79 255-85 235) lung cancer deaths over 5 years ( Table 4) . Screening only the 9.0 million individuals (21%) eligible by USPSTF recommendations was modeled to prevent an estimated 46 488 (95% CI, 43 924-49 053) lung cancer deaths over 5 years (57% of estimated CT-preventable deaths). Instead, the risk-based fixed population size strategy of screening the 9.0 million smokers aged 50 to 80 years at highest 5-year risk of lung cancer (≥1.9%) was modeled to prevent an estimated 55 717 (95% CI, a Cells with hyphens indicate that the risk factor, or parameterization of the risk factor, was not included. For lung cancer incidence and death models, an increase of 1 year higher age results in the hazards increasing by hazard ratio{log(age + 1) − log(age)}. If all other factors are the same, a 61-year-old has 431.812{log(61) − log(60)} = 1.11 times greater hazards of lung cancer death and a 80.388{log(61) − log(60)} = 1.08 times greater hazards of lung cancer diagnosis than a 60-year-old. For competing mortality models, an increase of 1 year higher age results in hazards increasing by hazard ratio{(age + 1) 2 − age d This is the square of BMI centered at 25. BMI is modeled as a binary category for being underweight (BMI Յ18.5) and continuously for BMI greater than 18.5. e This is natural logarithm of the sum of 1 and quit-years. All other log terms are natural logarithms. f First-degree relatives (siblings, parents, children) with history of lung cancer.
g Definition: No first-degree relatives with lung cancer = 0, 1 first-degree relative with lung cancer = 1, 2 or more first-degree relatives with lung cancer = 2.
Risk-based strategies retain the highest-risk USPSTF-eligible smokers but replace lower-risk USPTF-eligible smokers with higher-risk USPSTF-ineligible smokers. Compared with USPSTF eligibility, risk-based screening strategies preferentially include more current smokers overall, more lowintensity long-term current smokers, and more highintensity former smokers who have quit for more than 15 years ( Table 5 ).
In the risk-based fixed population-size strategy, 36% of the USPSTF-eligible smokers are replaced by an equal number of USPSTF-ineligible smokers at much higher lung cancer risk (average 5-year risk, 1.3% vs 3.2%) and lower NNS (647 vs 226) (eTable 5A in the Supplement). The replacements are preferentially current smokers, aged 65 to 80 years, African American, and less educated and have lower BMI, emphysema, and a family history of lung cancer (eTable 5A). The subgroup of replacements who smoked less than 30 pack-years tend to be current long-term (≥45 years) smokers, but of these 99% smoke less than 1 pack per day and 61% smoke less than half a pack per day (eTable 5A). This subgroup is also majority women and disproportionately African American. The subgroup of replacements who quit more than 15 years ago were high-intensity smokers, almost all of whom had smoked at least 30 pack-years and 53% had smoked at least 45 pack-years (eTable 5A).
Similar conclusions hold for the risk-based-modeled fixedeffectiveness strategy, which replaces 24% of the USPSTFeligible with more USPSTF-ineligible smokers at higher lung cancer risk (average 5-year lung cancer risk, 1.1% vs 2.6%) and lower NNS (813 vs 281) (eTable 5B in the Supplement).
Discussion
Empirical individual risk models were developed, validated, and applied to US health survey data to estimate the 5-year outcomes associated with NLST-like CT lung cancer screening (3 annual screens) in the United States. The risk models validate well in US research cohorts (PLCO and NLST) as well as in the US general population (NHIS), suggesting transportability of these models. The key observation from the models is that compared with selecting risk-factor-based subgroups for screening (such as current USPSTF recommendations), individual-risk-based selection of smokers was estimated to prevent more deaths, improve screening effectiveness (defined as the NNS to prevent 1 lung cancer death), and improve screening efficiency (defined as the ratio of false-positive CT screening examinations to prevented deaths). The superior performance of risk-based screening is highlighted by the estimate that 90% of CT-preventable lung cancer deaths are possibly preventable by a risk-based strategy that screens only 49% of US ever-smokers aged 50 to 80 years. This strategy is modeled to screen 287 individuals per prevented death, which may be as comparably effective as other cancer screening programs.
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Risk-based screening strategies appear superior to USPSTF recommendations because they preferentially replace the 36% of the USPSTF-eligible who are low-risk, lowbenefit, ever-smokers (5-year lung cancer risk, 1.3%; NNS, 647) with USPSTF-ineligible high-risk, high-benefit, eversmokers (5-year lung cancer risk, 3.2%; NNS, 226). These USPSTF-ineligible high-risk individuals cannot be identified by subgroups and require a risk calculation to identify, such as the 22% who smoke less than 30 pack-years, 21 the 13% who smoke less than a half-pack per day, or the 14% who quit smoking more than 15 years ago. Conversely, 36% of USPSTFeligible individuals are actually at low risk and thus may benefit less from screening than would be recognized without a risk calculation. Risk-based selection would also increase the number of African Americans and women selected for CT lung screening. Post hoc NLST analyses suggest possibly higher efficacy of CT lung screening for women.
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Substantially higher effectiveness of an NLST-like CT screening program among USPSTF-eligible smokers in the United States was estimated than that observed in the NLST 2 (NNS, 194 vs 320, respectively). Although including individuals aged 75 to 80 years (per USPSTF recommendations) increases effectiveness, the bigger contributor is the substantially lower lung cancer mortality in the NLST than expected based on lung cancer mortality rates in the PLCO and the United States (NHIS). Consequently, the benefits of CT screening in the United States could be higher than that observed in the NLST, 2 that estimated using NLST rates, 23 or that estimated by microsimulation models calibrated to the NLST. 24 The deficit in lung cancer mortality in the NLST was Our empirical methodology has limitations. The estimates are model-based rather than directly observed outcomes. The estimates presume the implementation of screening programs in the United States with short-term performance similar to the NLST. In particular, the key assumption was that that the 20.4% reduction in lung cancer mortality and the 12.4% increase in lung cancer detection from CT screening observed in the NLST would be the same in NLSTineligible smokers in the US population. Notably, in the NLST, the percent mortality reduction and increased percent lung cancer detection were unrelated to modeled lung cancer risk, lending support to the validity of the assumption. The NLSTbased model for false-positive CT screening examinations was assumed to apply to lung screening programs in the United States. Screening performance may change with innovation, for example, if CT findings are classified by Lung-RADS rather than NLST protocols. 27 Our work contrasts with microsimulation-based estimates 5, 6 in that, to avoid extrapolation beyond the observed NLST follow-up, only the shortterm effect of an NLST-like CT screening program in the contemporary US population was considered. Since the NHIS does not collect data on cancer incidence, the lung cancer incidence model was validated only in research cohorts. In addition, there are no external data for validating the model for false-positive risk. Risk-based selection for screening is justified only if the benefits and harms of screening primarily depend on individual cancer risk, in that 2 individuals with different combinations of risk factors but equal modeled risk would have similar outcomes. If true, this implies the principle of "equal management of people at equal risk," which provides an intellectual framework for the development of simplified and consistent recommendations for risk-based precision medicine. 13 This principle was adopted as the basis of current risk-based cervical cancer screening recommendations 28-30 and underlies the official risk-based decision aid. 31 For lung cancer, however, this principle may not hold for certain high-risk subgroups that may be at increased risk of procedure-related complications, such as individuals with chronic obstructive pulmonary disease. Indeed, NLST individuals with multiple pulmonary comorbidities did not benefit from CT screening, despite having a high modeled lung cancer risk.
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However, implementing risk-based screening in clinical practice poses many challenges. The models provide estimates that could be useful for justifying a cost-effective risk threshold to define screening eligibility. Risk thresholds could be based on either lung cancer incidence 32-36 or mortality, which are highly correlated. Although our incidence 
